Sn-3.5Ag solder bumps were formed on electroless Ni/immersion Au (Ni/Au) and organic solderability preservative (OSP) surface-finished bond pads, respectively. The shear strength of the solder bumps was measured as a function of reflow steps. Fracture surfaces and interfacial microstructures were investigated by scanning electron microscope. The shear strength of Ni/Au samples increased up to the seventh reflow step and subsequently decreased after the tenth reflow step. Spalling of Ni 3 Sn 4 intermetallic compounds (IMCs) and the P-rich Ni layer strengthened and weakened the bond, respectively. For OSP samples, although Cu 6 Sn 5 IMCs grew as the reflow step was repeated, no remarkable change in shear strength was observed. Interfacial fractures of OSP samples occurred at the interface between Cu 6 Sn 5 IMC and Cu 3 Sn IMC. Fracture surfaces of OSP samples showed concave pits that consisted of a Cu 3 Sn bottom and an Sn wall. The pits were formed by separation of Cu 6 Sn 5 IMC from Cu 3 Sn IMC and the molten Sn channel between the Cu 6 Sn 5 IMC grains.
I. INTRODUCTION
Solder bumps in flip-chip bonding of microelectronic devices play an important role of mechanical joining as well as electrical interconnection and heat dissipation from devices. Recently, the use of Pb-free solder alloys has become unavoidable due to health and environmental safety concerns of Pb-containing materials. 1 Most Pbfree solder alloys are Sn-based alloys, such as Sn-3.5Ag, Sn-3.5Ag-0.7Cu, Sn-3.5Ag-4.8Bi, Sn-0.7Cu, and many others. 2, 3 Among these solder alloys, Sn-3.5Ag has the most fundamental composition. Therefore, Sn-3.5Ag solder composition provides a convenient way to investigate the interfacial reaction between Sn-based solders and various metallizations.
One of the most influential factors for reliable solder joints in flip-chip bonding is the metallization on the bond pad of a printed circuit board (PCB). Cu is used as the bond pad metal of PCB. Because Cu can be easily oxidized, it is needed to make a protective surface finish on Cu. 4 Both electroless Ni/immersion Au (Ni/Au) and benzimidazole-based organic solderability preservative (OSP) are often used as PCB surface finishes. Ni/Au has attracted attention because of its good wettability and slow reaction rate with solder alloys. 5, 6 On the other hand, OSP has advantages, such as very thin coating and low process cost. 7 Thus far, interfacial reactions between Sn-based solder alloys and under bump metallizations of a Si chip pad have been mostly studied and reported by many research groups. However, few reports concentrated on the interfaces between Sn-based solder alloys and surface finishes of PCB, which offer different environments to solder bumps. Solder bumps on PCB especially may experience multiple reflow steps, such as bump formation, flip-chip bonding, and next-level package bonding. In that case, intermetallic compounds (IMCs) by metallurgical reactions at the solder/surface finish interfaces greatly influence the reliability. [8] [9] [10] For reliable solder joints in flip-chip package, it is essential that the correlations among mechanical property, fracture mechanisms, and interfacial reactions of solder bumps formed on PCB be understood.
In this study, we systematically investigated shear strength change of Sn-3.5Ag solder bumps formed on the Ni/Au and the OSP surface-finished PCB as a function of reflow steps, respectively. Shear strength was measured as a typical index for solder joint reliability. The effects of IMCs formed at the interface between Sn-3.5Ag solder and surface finishes on the shear strength were studied. Solder bumps were formed by the stencil-printing method. Sn-3.5Ag solder paste was printed on the surface-finished test vehicle through a stencil mask 100 m thick with a 210-m opening diameter. To observe the interfacial microstructure between Sn-3.5Ag solder and metallization of PCB, Sn-3.5Ag solder paste was also printed on the square opening patterns. After solder paste printing, the test vehicles experienced 1-5, 7, or 10 reflow steps in a convection batch reflow oven under a N 2 atmosphere. Heating rate, holding time over melting point, and maximum temperature of the reflow step were 4.7°C/s, 80 s, and 240°C, respectively. Residual flux after the first reflow step was removed by trichloroethylene.
For the Sn-3.5Ag solder bumps that experienced each reflow step, a ball shear test was carried out using the Dage Series 4000 (Aylesbury, UK) bond tester to measure shear strength. More than 40 solder bumps on each test vehicle were selected. The shear height and speed were 5 m and 50 m/s, respectively, and each solder bump had a bonding area of 5023 m 2 . The test vehicles were mounted with epoxy resin, cured at room temperature, mechanically ground, and then polished up to 1 m to obtain cross-sections of the solder/metallization interfaces. The polished samples were etched with 2% HCl in methanol to reveal the interfacial microstructure. Fracture surfaces after ball shear test and interfacial microstructures of the test vehicle were examined using a scanning electron microscope (SEM) equipped with energy dispersive x-ray spectroscopy (EDS). Especially, the interfacial microstructures were observed by backscattered electron (BSE) mode to obtain contrasting images.
III. RESULTS

A. Shear strength of Sn-3.5Ag solder bump
After stencil printing of Sn-3.5Ag solder paste, Sn-3.5Ag solder bumps were formed through the first reflow step as shown in Fig. 1 . The average diameter of the solder bumps was 115 m. Figure 2 shows result of ball shear test for the solder bumps. For the Ni/Au samples, the shear strength of the solder bumps increased up to the seventh reflow step and subsequently decreased. The maximum shear strength showed 33.8% ± 6.2% increase compared to the initial value. For the OSP samples, the shear strength did not show any remarkable changes from the beginning to the last reflow step.
B. Fracture surfaces
Fracture surfaces after ball shear test were investigated under SEM with EDS analysis. All fracture surfaces could be divided into two types depending on whether fracture occurred inside of the Sn-3.5Ag solder alloy (ductile fracture) or not (interfacial fracture). Figure 3 both the Ni/Au and the OSP samples. For the Ni/Au samples which experienced one to seven reflow steps, the other fractures except the ductile fractures occurred at the interface between Sn-3.5Ag solder alloy and Ni 3 Sn 4 IMC as shown in Fig. 3(b) . However, especially for the fracture surface of the ten times reflowed sample, the P-Ni-Sn layer and the bare Cu surface were revealed as shown in Fig. 3(c) .
For the OSP samples, interfacial fracture surfaces showed concave pits and remained solder as shown in Figs. 3(d) and 3(e) . The composition of the bottom of the pit was Cu 3 Sn. The pit wall was composed of mostly Sn. The size of the pit increased and the numbers of pits decreased as reflow steps were repeated. From the observed results, the ratio of interfacial fracture to total fracture is plotted in Fig. 4 . The ratio increased in both surface finished samples as the reflow step was repeated. OSP samples especially showed a greater rate of increase than did Ni/Au samples over the whole reflow step range. Figure 5 shows BSE images of interfacial microstructures between Sn-3.5Ag solder and surface finishes of the test vehicle experienced one, seven, and ten reflow steps. As a result of EDS analysis for the Ni/Au samples, Au was not detected and chunk-shaped Ni 3 Sn 4 IMCs were found at the interface. The reason for no detection of Au at the interface can be explained by immediate dispersion of Au into solder alloy.
C. Interfacial microstructures
11 Ni 3 Sn 4 IMCs at the early stage of multiple reflow steps formed as a continuous layer. As the reflow step was repeated, the chunk size of Ni 3 Sn 4 IMCs increased and the IMCs partially spalled off. On the other hand, for the OSP samples, scallopshaped Cu 6 Sn 5 IMCs were found at the interface. The scallop size of Cu 6 Sn 5 IMCs increased as the reflow step was repeated, but no spalling phenomenon was observed in any of the OSP samples.
The IMC layer thicknesses of the Ni/Au and the OSP samples were measured on the basis of the BSE images. Because the layers did not have flat surfaces, average thicknesses were calculated from minimum and maximum thicknesses. Figure 6 shows the IMC layer thicknesses as a function of reflow step. Ni 3 Sn 4 and Cu 6 Sn 5 IMC layers showed 427% ± 104.93% and 123% ± 51.69% increments, respectively.
IV. DISCUSSION
A. Effect of Ni 3 Sn 4 IMC on shear strength
The increase of shear strength up to the seventh reflow step for Ni/Au samples can be explained in terms of the interfacial fracture and IMC layer thickness. Generally, it has been reported that IMCs tend to be very hard and brittle materials. 12 Thus, IMCs act as initiation sites for joint failure by embrittlement. 13, 14 However, when a solder resist layer exists around the solder bump pad, IMC layer, which is thinner than the solder resist layer, cannot play an important role in the fracture mechanism. In that case, mainly ductile fracture occurs inside of the solder alloy. For the OSP samples as well, ductile fractures occur in the same manner.
Thereafter, the IMC layer becomes thicker as the solder bump experiences more reflow steps, and the probability of the interfacial fracture occurring also increases because the difference in thickness between the solder resist layer and the IMC layer decreases. This phenomenon is the reason for the increase in the percentage of interfacial fracture. As shown in Fig. 5 , Ni 3 Sn 4 IMC forms a continuous layer in the early stage, and subsequently spalling of Ni 3 Sn 4 IMCs occurs. As the reflow step is repeated, more spalling occurs. These spalled Ni 3 Sn 4 IMCs are located at the neck of the solder bump. It is reported that composite solders, in which IMCs are dispersed in the solder matrix, exhibit enhanced mechanical strength by the reinforcement effect. 15, 16 Therefore, the neck of the Sn-3.5Ag solder bump in this study is also reinforced by spalled Ni 3 Sn 4 IMCs such that the shear strength increases.
B. Effect of P-rich Ni layer on shear strength
The Ni/Au surface finish is deposited by electroless plating of Ni and immersion plating of Au. The deposition of electroless Ni is carried out in a hypophosphite (H 2 PO 2 − ), thus the electroless Ni contains P. It is known that P in the electroless Ni greatly influences the interfacial reactions with solder alloys and the appearance of P-rich Ni layer weakens the interface. 13, 17 Also in this study, Ni in the electroless Ni layer is consumed for Ni 3 Sn 4 IMC formation as the reflow step is repeated. Consumption of Ni occurs at relatively high contents of P in the electroless Ni layer, and fracture occurs at the interface between Ni 3 Sn 4 IMC and the P-rich Ni layer, as shown in Fig. 3(c) . It is thought that the decrease in the shear strength of the solder bump reflowed ten times is caused mainly by the P-rich Ni layer.
A bare Cu surface as well as a P-rich Ni layer is observed in Fig. 3(c) . The P-rich Ni layer is partially peeled off from the Cu surface. The interface between the P-rich Ni layer and Cu offers another path of fracture. A bare Cu surface is not observed in the Ni/Au samples reflowed one to seven times. Thus, it is thought that bond strength between the electroless Ni layer and the Cu is weakened when P content increases in the electroless Ni layer. However, further experimental study of this phenomenon is currently being made to obtain a more plausible interpretation.
C. Shear strength of solder bumps formed on OSP surface finish
For the OSP samples, there is no remarkable change in shear strength in spite of a great increase in interfacial fracture occurrence. This result can be explained in terms of fracture surfaces, as shown in Figs. 3(d) and 3(e) . Except for the ductile fracture, which occurs inside of the solder alloy, all fracture surfaces reveal a Cu 3 Sn IMC surface at the pit bottom and Sn at the pit wall. Cu 3 Sn IMC is the intermediate phase formed between Cu and Cu 6 Sn 5 IMC. 18, 19 From these results, it is thought that the fracture occurs mainly at the interface between the As mentioned in the Results, the size and quantity of the pits that appear in the fracture surfaces of the OSP samples increase and decrease, respectively. This tendency is consistent with the shape change of Cu 6 Sn 5 IMC scallops as the reflow step is repeated. As shown in Figs.
5(d)-5(f)
, the Cu 6 Sn 5 IMC scallops grow larger and decrease in number. It is reported that the coarsening of Cu 6 Sn 5 IMC scallop is due to Ostwald ripening. 19 However, the interfacial fracture surfaces of the OSP samples do not show Cu 6 Sn 5 IMC surfaces, and only the Cu 3 Sn IMC surface and remaining solder are revealed at the concave pits. Fig. 7 shows an SEM image of a fracture initiation at Sn-3.5Ag solder bump formed on the OSP surface-finished bond pad. It can be seen clearly that Cu 6 Sn 5 IMC is being separated from Cu-rich bottom and Sn-rich wall of the pit. The Sn-rich wall is formed by the molten Sn channel extending all the way to the Cu 3 Sn/Cu interface between Cu 6 Sn 5 grains. 20 Therefore, we can present a schematic model to describe the fracture that occurs at the interface between Cu 6 Sn 5 IMC and Cu 3 Sn IMC like shown in Fig. 8 
V. CONCLUSION
The shear strength of Sn-3.5Ag solder bumps formed on the Ni/Au and the OSP surface-finished PCB was investigated as a function of reflow steps. In both samples, ductile fractures occurred mainly when IMC layer was thinner than solder resist layer. The shear strength of the Ni/Au samples increased up to the seventh reflow step due to the reinforcement effect of spalled Ni 3 Sn 4 IMCs at the neck of the solder bump. After ten reflows, the shear strength decreased because the P-rich Ni layer appeared.
The shear strength of the OSP samples remains nearly identical through ten reflow steps. The reason was interfacial fracture between Cu 6 Sn 5 IMC and Cu 3 Sn IMC. The increase of the Cu 6 Sn 5 IMC layer thickness had no effect on the shear strength. Except for ductile fractures, all fracture surfaces of the OSP samples showed concave pits, which were composed of a Cu 3 Sn bottom and an Sn-rich wall. The fracture at the Cu 6 Sn 5 /Cu 3 Sn interface and the molten Sn channel between Cu 6 Sn 5 grains were the reason for the pit formation.
